Eighteen mutants (designated MTS), isolated in Escherichia coli K-12, showed increased sensitivity to inhibition of growth by 5-methyltryptophan. All mutants were also much more sensitive to 4-methyltryptophan and 7-azatryptophan but exhibited near normal sensitivity to 5-fluorotryptophan and 6-fluorotryptophan. All of the mutations were linked to the trp operon. Their locations within the trp operon were established by deletion mapping. There was good agreement between the map position of an MTS mutation and a lowered activity of one of the tryptophan pathway enzymes.
Resistance to metabolic analogues is a common phenotype of bacterial strains harboring regulatory mutations (29) . In Escherichia coli K-12, resistance to 5-methyl-DLtryptophan (5-MT) has been widely used to select mutations affecting tryptophan biosynthesis or transport. Mutations conferring resistance to 5-MT are known to occur in at least five genetic loci (Table 1) , but there were previously no corresponding mutations in these loci conferring increased sensitivity to analogues.
We have isolated and partially characterized a number of mutants selected on the basis of increased sensitivity to 5-MT. One rationale for seeking these kinds of mutants was the expectation that these mutations might provide the necessary materials for genetic fine structure analysis of tryptophan-binding proteins or tryptophan-sensitive functions. This is technically difficult with analogue-resistant mutants, because with them there is no direct way to select for wild-type recombinants in a cross between two strains possessing nonallelic mutations.
Analogue-sensitive mutations might not only affect the previously identified elements that 1This is Joumal Paper no. 4730 of the Purdue Agricultural Experiment Station. 2Present address: University of the Negev, Beer-Sheva, Israel.
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lead to 5-MT resistance but might also affect new elements. Among the candidates for elements which might mutate to enhanced 5-MT sensitivity are the E. coli genes which specify enzymes known to have an allosteric tryptophan-binding site. They are anthranilate synthetase-phosphoribosyl transferase (4), glutamine synthetase (31) , phosphoribosylpyrophosphate synthetase (3) , and 3-deoxy-Darabinoheptulosonic acid-7-phosphate synthetase (trp) (27) . Only the first and last enzymes mentioned have been shown to exist in forms with decreased sensitivity to tryptophan as the result of a mutation to 5-MT resistance. In addition, new genetic elements involved in tryptophan regulation might be revealed, or previously discovered elements such as trpR and trpO might be better understood with the help of 5-MT-sensitive mutants.
A second reason for seeking analogue-sensitive mutants is that they might be expected to be missense mutations of structural genes, producing trp enzymes which are partially defective catalytically. Missense mutants can be difficult to obtain in large numbers. The recent work of Yanofsky et al. (34) showed that only about 10% of a random collection of trpC, trpD, and trpE auxotrophic mutants were of the missense type. If the majority of missense mutations in these genes produce only minor effects on the catalytic properties of the corres- (1) .
A fresh log-phase culture of W3110 grown on L broth was spun, suspended in 10 ml of 0.85% saline (final cell concentration, 108 to 2 x 108/ml), and then irradiated with a dose of ultraviolet light (wavelength 254 nm) sufficient to kill 99.9% of the cells. Samples (0.25 ml) were placed into each of 10 tubes containing 5 ml of minimal medium supplemented with L-tryptophan (20 sg/ml). After the cultures had reached stationary phase, a portion (0.1 ml) of each culture was diluted with 5 ml of the above minimal medium plus tryptophan and incubated for 3 hr to allow return to log-phase growth. These . cultures were centrifuged, and the cell pellet was washed and resuspended in 5 ml of minimal medium minus glucose. From each cell suspension, 0.1 ml was used to inoculate 5 ml of minimal medium containing 5-MT (0.1 yg/ml) and penicillin G (300 units/ml). After incubation for 12 hr at 37 C, the cultures were centrifuged and resuspended in 0.4 ml of saline, and 0.1 ml of this suspension was plated on minimal agar medium containing thiamine hydrochloride (1 ,ug/ml). It was found that thiamine, included as indicated, led to a more uniform colony size among the survivors of penicillin treatment. After 48 hr at 37 C, the plates were replicated to minimal medium containing thiamine hydrochloride and 5-MT (2 ,ug/ml).
On plates, this level of 5-MT is only slightly inhibitory to W3110. Nonreplicating colonies were picked and purified. Four separate penicillin selection experiments were performed, each involving ten independent cultures. Eighteen MTS mutants were isolated by this technique.
Zone tests. Freshly grown, stationary-phase L broth cultures were diluted 1 to 100 in saline, and 0.1 ml of these suspensions was placed in 2.5 ml of melted minimal top layer agar. Each tube of top layer agar was poured onto a minimal agar plate (-5 X 106 cells/plate). After hardening of the top layer agar, sterile 0.5-inch paper discs (Schleicher and Schuell Co., no. 740-E) were placed in the center of the plates, and 0.025 ml of analogue solution was pipetted onto the disc. The diameter of the zone of inhibition was measured after 24 hr for fast growing strains, including W3110, or after 48 or 72 hr for slower growing strains.
Accumulation tests. Stationary cultures of cells grown in minimal medium were tested for the accumulation of anthranilic acid, 1-(O-carboxyphenylamino)-l-deoxy-D-ribulose-5-phosphate, indoleglycerol phosphate, or indole with Ehrlich's reagent (33) and a ferric chloride reagent (21) .
Transduction mapping. Crosses designed to determine linkage of an MTS mutation to the trp operon were performed as described by Yanofsky and Lennox (35) . Deletion mapping of MTs mutations within the trp operon was performed in a similar 5-METHYLTRYPTOPHAN-SENSITIVE MUTANTS way except that the transduction mixture was resuspended in 5 ml of saline (rather than 1 ml) after centrifugation and subjected to a second centrifugation. The resultant cell pellet was resuspended in 0.1 ml of saline, and the entire contents of the tube were plated on minimal medium containing 5-MT (2 yg/ml).
Enzyme assays. Anthranilate synthetase was assayed at 25 C by measuring the appearance of anthranilate fluorimetrically (excitation wavelength, 310 nm; emission wavelength, 400 nm). The reaction mixture contained 0.1 mm chorismate, 25 mM L-glutamine, 2 mm magnesium chloride, and 70 mM trishydroxymethyl)aminomethane (Tris)-chloride buffer, pH 7.8, in a total volume of 1.0 ml. In certain cases NH4Cl (100 mM) was used in place of glutamine.
Phosphoribosyl transferase was assayed at 25 C by measuring the dissappearance of anthranilate fluorimetrically. This reaction mixture contained 0.01 mM anthranilate, 0.1 mm 5'-phosphoribosyl-1-pyrophosphate, 4 mm MgCl2, and 60 mM Tris buffer, pH 7.8, in 1.0 ml.
Tryptophan synthetase activity in the conversion of indole to tryptophan was determined by the method of Crawford and Yanofsky (10) . Alkaline phosphatase was measured spectrophotometrically at 405 nm. Enzyme solution (10 jsliters) was added to 1 ml of 0.001 M p-nitrophenyl phosphate in 1 M Trischloride, pH 8.0. The increase in absorbancy was followed over a period of 3 min.
Protein concentration was measured by the method of Lowry et al. (22) .
RESULTS
Sensitivity of MTS mutants to tryptophan analogues. Mutant strains with increased sensitivity to 5-MT, isolated as described above, grew very slowly or not at all on minimal medium containing 5-MT (2 ,g/ml). The results of zone tests with 5-MT as well as with 4-MT, 7-AT, 5-FT, and 6-FT are presented in Table 2 . Wild type and a few selected examples are shown in Fig. 1 . Even the least sensitive mutant strain, MTS1OA, had an appreciably larger zone of inhibition than the wildtype strain, W3110. The data on Table 2 also show that the sensitivity of a particular strain to 4-MT and 7-AT closely parallels its sensitivity to 5-MT; on the other hand, all strains, wildtype included, were about equally sensitive to 5-FT and 6-FT. For instance, among the mutants which are fully grown after 1 day, MTS22B has approximately the same degree of sensitivity to 5-FT and 6-FT as wild type, but is considerably more sensitive to 5-MT, 4-MT, and 7-AT. The size of the zones produced by 5-FT and 6-FT seems to be a function more of growth rate than of some change in a cell component sensitive to 5-FT or 6-FT. This is quite different from the situation which leads to large zones with 4-MT, 5-MT, and 7-AT, where strains with growth rates close to that of wild type, such as MT86B, have greatly expanded zones of inhibition.
Mutations that result in the production of a partially defective enzyme in the tryptophan biosynthetic pathway ordinarily accumulate the substrate of the defective enzyme or a breakdown product of that substrate. Such strains are expected to display greater than normal sensitivity to 5-MT. In fact, some of the MTS mutants do accumulate intermediates in tryptophan biosynthesis ( Table 2) .
Localization of MTS mutations on the E.
coli genetic map. Each MTS mutation isolated was linked by P1 transduction to the cysB-trp region of the E. coli genome. By employing as recipients a number of tonB-trp deletion strains extending for variable distances into the trp operon, a rough estimate of the locus of each MTs mutation was obtained (Fig. 2) . With three exceptions, the accumulation data ( Tryptophan pathway enzymes in MTS mutants. A strain harboring a mutation that lowers the catalytic efficiency of any one of the tryptophan biosynthetic enzymes is potentially more sensitive than wild type to inhibition by 5-MT. We examined all of the mutant strains after growth in minimal media for their content of anthranilate synthetase, phosphoribosyl transferase, and tryptophan synthetase ( Table  3 ). The enzyme levels in crude extracts supported expectations from the precursor accumulation and mapping studies. There were, however, a few exceptions.
Among the MTs mutants which map within trpE, lOC and 6C showed substantially reduced levels of phosphoribosyl transferase, while 22B was decreased in tryptophan synthetase. Mutants 6B and 1OA appeared near normal with respect to enzyme level; however, 6B was found to exhibit wide deviations from the wild-type pattern in kinetic studies (discussed later). Mutant 22A, as will also be detailed later, is defective in its ability to use glutamine as nitrogen donor in the formation of anthranilate. VOL. 112, 1972 95 were determined graphically by the method of Dixon (11) . Since DL racemates of each analogue were used in these determinations rather than pure L-isomers, it is expected that the K1 for the L-isomers would be lower. D-Tryptophan does not inhibit anthranilate synthetase.
product of the trpE gene since unaggregated phosphoribosyl transferase is tryptophan-insensitive. Detailed enzymatic and genetic studies have been carried out on MTS6B and a number of its revertants (M. J. Pabst, J. C. Kuhn, and R. L. Somerville, J. Biol. Chem., in press).
Mutational loss of ability to use glutamine for tryptophan biosynthesis. The conversion of chorismate -to anthranilate is normally carried out by an aggregate of the trpE and trpD products. The amino group donor for this reaction is normally glutamine (18) . MTS9C, MTS21, and MTS22A had almost no anthranilate synthetase activity when glu- tamine was the amino donor (Table 6 ). Appreciable anthranilate synthetase activity was found when ammonia was used. Any ineffectiveness of glutamine as an amino donor could be due to a lack of aggregation between trpE and trpD products (previously noted by Bauerle and Margolin [6] ), to a change in the aggregate that prevented the amide nitrogen of glutamine from being efficiently transferred to the active site of anthranilate synthetase, to an inability to break the glutamine y-amide bond, or to combinations of these effects.
As shown by measurements of sedimentation velocity through sucrose gradients (Fig. 3) the rate expected (18) for aggregated enzyme (7.5S). Further work with purified mutant enzyme will be required to explain the small peak at 7.5S activity observed in mutant 22A. Anthranilate synthetase activity could be demonstrated in this small peak only when NH,+ was the source of the amino group; there was no activity with glutamine. Apparently aggregation of anthranilate synthetase-phosphoribosyl transferase and ability to use glutamine for anthranilate synthesis do not necessarily always occur together.
Since 9C, 21, and 22A are all able to grow on minimal medium, our results substantiate the earlier findings of Gibson, Pittard, and Reich (14) that ammonia can be utilized in vivo as a source of nitrogen for the biosynthesis of the indole ring. DISCUSSION The inhibition of cellular growth by an analogue of a normal metabolite is usually the result of several events. Initially, the analogue must be transported into the cell, unless the inhibition is a direct consequence of the blocking of a transport process by the analogue. Subsequently the analogue must bind to some cellular component, preventing the cell from performing a vital function. If several components of the cell are affected by an analogue, then the most sensitive of these would be expected to determine the lowest concentration at which growth is inhibited.
MTS mutants all seem to be affected by 4-MT, 5-MT, and 7-AT in the same way, i.e., the relative sensitivity of a strain to 5-MT was correlated with its sensitivity to 4-MT and 7- AT. This result suggests that 4-MT, 5-MT, and 7-AT all inhibit MTS mutant strains by interacting with the same component. In the wild-type strain taken alone, the most sensitive component need not be the same for all three of these analogues. (It has been found that 4-MT [5] and 7-AT [26] MT, and 7-AT. Like 4-MT and 7-AT, the fluorotryptophans are incorporated into protein (8) . Since MT'S mutants are only slightly more sensitive than wild type to 5-FT and 6-FT, the component which is sensitive to the fluorotryptophans must be different from those components affected by the MTS mutations. The component most sensitive to 5-FT and 6-FT is unlikely to be anthranilate synthetase, because MTS6B, which contains an enzyme with a lowered K,, is not much more sensitive to 5-FT and 6-FT than the wild-type strain (Table 2 ). In addition, the same concentrations of 5-FT and 6-FT result in similar degrees of growth inhibition, although 5-FT is a more potent inhibitor of anthranilate synthetase than 6-FT (Table 3) . Therefore, selection of mutations with enhanced sensitivity to the fluorotryptophans may produce a different class of mutations from those selected with 5-MT.
The precise nature of the defect that results in supersensitivity to 5-MT is still unknown for most of the MTS mutants. Only MTS6B, MTS9C, MTs21, and MTS22A are understood in more than a superficial way. The latter three mutants, because of defects in proteinprotein aggregation, have anthranilate synthetases with greatly reduced capacities to catalyze the formation of anthranilate with glutamine as an ammonia donor. It is apparent that both the trpE and trpD genes contain mutable sites important in specifying regions of protein involved in aggregation. This finding opens possible routes for studying the relationship between map location and protein-protein interaction in the anthranilate synthetase-phosphoribosyl transferase system. Mutants 10C and 22B exhibited several unique properties which made them difficult to understand. They both mapped within the trpE gene (Fig. 2 ), yet enzymatic analysis and accumulation studies revealed effects on phosphoribosyl transferase and tryptophan synthetase, respectively (Tables 2 and 3) . A lesion affecting the mode of aggregation in the anthranilate synthetase-phosphoribosyl transferase enzyme aggregate might be invoked to explain the MTS1OC phenotype, but no such explanation is presently warranted for MTS22B. Interestingly, both mutants were the only ones in the present work which were coldsensitive; they grew poorly or not at all at 18 C unless the growth medium was supplemented with tryptophan.
Cold-sensitive mutants in the histidine pathway were studied by O'Donovan and Ingraham (25) , who showed that this phenotype was associated with enhanced feedback sensitivity in the first enzyme of histidine biosynthesis. Our only feedback-supersensitive mutant, MTS6B, grew normally on minimal medium at 18 C. Further work will be required to see whether trp mutants analogous to those found in the his system occur in E. coli. It is clear from the small sample we have studied that the two phenotypes can occur independently of one another.
Although the collection of mutants we have studied is small, it is perhaps noteworthy that none of our MTS mutations were found to map in the trpR gene. Moreover, a mutant hunt conducted in a trp+/F'trp+ merodiploid failed to yield MTS mutants. On the other hand, 5-MT-resistant mutants mapping in trpR are readily obtained. Our inability to find MTS mutants mapping in trpR is puzzling, in view of the fact that the trpR locus is thought to specify a protein which can interact with a corepressor derivable from 5-MT to form a complex capable of inhibiting the expression of the trp operon (9) . Should additional mutant hunts, using other analogues, also fail to reveal analogue-sensitive mutants mapping in trpR, some revision of our current view of the trpR gene product may be necessary.
